Introduction
Protein and calcium are major components of bone tissue and also play an active role in bone metabolism [1] . The protective effect of dietary calcium against osteoporosis is well established [2] . In contrast, the relevance of protein intake remains controversial in this context. Numerous studies have shown a positive association between dietary protein intake and urinary excretion of calcium [3, 4] , and a link between a high protein intake and a greater risk of fracture has also been demonstrated [5] . These observations can be explained by an increased endogenous acid production secondary to high dietary protein, which triggers a buffering response by the bone ultimately leading to an increased bone resorption and decreased bone formation. This is especially true for protein from animal sources because of the high content of sulphur amino acids [3, 6] . Diets high in protein from animal foods and low in base-forming components are common in industrialized societies and their effects on the acid-base homeostasis may even be intensifi ed in the elderly because of the age-related decline in renal function [7] .
On the other hand, bone loss may also relate to very low protein intake in the elderly. Moreover, results from epidemiological studies about the association of protein and bone mineral density (BMD), the classic parameter of bone health, are inconsistent [8] . The majority of published studies supports a positive association between a high dietary protein intake and BMD [9] , which, given the effect of dietary protein on calcium balance, seems counter-intuitive. Studies investigating the association between protein intake and fracture risk are equally inconclusive, with some evidence for an increase in risk of fractures with higher protein intake, especially protein of animal origin [10, 11] .
Growing evidence suggests that calcium and protein interact in terms of bone health, i.e., the potential harmful effect of high protein intake may be compensated for by an adequate calcium intake [12, 13] . A ratio greater or equal to 20 mg calcium per 1 g protein is considered suffi cient for bone protection [14] . In epidemiological studies, an inverse association between protein intake and fracture risk was demonstrated specifi cally for subjects with comparatively high dietary calcium in relation to protein intake [15] [16] [17] . An increase of fracture risk with higher protein intake seems to occur if calcium intake is low, which may at least in part explain the inconsistent results of the studies published so far [18] .
In this cross-sectional analysis, we aimed at investigating the association between bone health and protein intake. As broadband ultrasound attenuation (BUA) is considered to constitute an acceptable parameter for measuring bone health [19] [20] [21] , we examined the association of protein intake, calcium intake, and BUA obtained from quantitative ultrasound bone measurements in a large population-based sample of German women.
Methods

Study Population
The European Prospective Investigation into Cancer and Nutrition (EPIC) Potsdam Study is part of the large-scale, Europeanwide prospective cohort EPIC study focusing on the relation between nutrition and chronic diseases, especially cancer [22] . The study was approved by the ethics committee of the federal state of Brandenburg, Germany, and written informed consent was obtained from all participants. Between 1994 and 1998, 27,548 participants (16,644 women, 10,904 men) aged 35-65 years were recruited in Potsdam and its surrounding communities. The recruitment process was based on general population registries. Study subjects were invited by mail to participate in the baseline examination [23] . Quantitative ultrasound (QUS) measurements of the os calcis were introduced into the recruitment procedures of female participants in 1996, so that QUS data were available for 9,802 women.
Quantitative Ultrasound Measurement QUS measurement was performed on the right os calcis using Achilles Plus Ultrasound Densitometer (Lunar Corporation, Madison, Wisc., USA). Trained and quality-monitored personnel performed the measurements according to manufacturer instructions [24] . We measured BUA in decibel/megahertz, which is defi ned as the slope of the signal attenuation versus the frequency curve in the usually assessed range of 0.1-1 MHz [25] . In a substudy, 11 women were measured 10 times within 3 weeks, and an intra-person coeffi cient of variation of 1.47% was obtained for BUA.
Assessment of Dietary Intake, Lifestyle Characteristics and other Covariates
Dietary intake information was assessed with a self-administered scanner-readable food frequency questionnaire that included questions on frequency and portion size of 148 food items eaten during the previous year [26] . The FFQ was sent to the study participants prior to the visit in the study centre. Nutrients were calculated using the German Food Composition Table (BLS II. 3) [27] . Reproducibility and relative validity of the FFQ were tested during the recruitment in the Potsdam cohort [26] .
Measurements of body weight and height were performed by trained and quality-monitored personnel with participants wearing no shoes and only light underwear [28] . Body mass index (BMI) was calculated as body weight divided by body height squared. Information on social status, smoking habits, physical activity, medication, and reproductive, occupational and medical history was obtained by a self-administered questionnaire and a computerguided personal interview [23] . Menopausal status was defi ned based on self-reported information about menstrual status/history, type of menopause (natural or surgical), use of oral contraceptives and hormone replacement therapy, or by using age cut-offs as defi ned for the EPIC cohort. Physical activity level was calculated from the self-reported duration and intensity of physical activity (including, for instance, walking, cycling, gardening), taking in account the metabolic equivalents [29] . Self-reported medication over the past 4 weeks prior to the baseline interview was used to identify users of glucocorticoids and specifi c drugs against osteoporosis. Persons who reported calcium supplement use of longer than 1 month during the past year prior to the baseline interview were classifi ed as calcium supplement users.
Statistical Analysis
From the total female study population (n = 9,802), 1,624 women were excluded due to: missing BUA values (n = 91), age at baseline below 35 years (n = 157), uncertain menopausal status (n = 922), surgical menopause (n = 326), use of glucocorticoids (n = 17) or medication for the treatment of osteoporosis (n = 30), both known to affect bone metabolism [30] , and missing covariate data (n = 81). The fi nal data set comprised 8,178 women for analysis.
Multivariate linear regression models were used to estimate relations between BUA and protein intake, with BUA (continuous) being the dependent variable. In these models, dietary protein was characterized by several independent variables including total pro-tein, animal protein, vegetable protein, and the ratio of animal to vegetable protein. Protein intake was also retained in continuous form. Models were adjusted for several covariates, such as dietary calcium intake (continuous), vitamin D intake (continuous), magnesium intake (continuous), potassium intake (continuous), calcium supplement use (yes/no), age (continuous), educational attainment (unskilled and skilled, technical school, university degree), hormone replacement therapy (yes/no), smoking status (non-smoker, ex-smoker, current smoker), alcohol consumption (continuous), BMI (continuous), physical activity (continuous), postmenopausal status (yes/no) and total energy intake (continuous).
To evaluate a putative interaction between calcium and protein, multiplicative interaction terms of calcium and total protein, calcium and animal protein, and calcium and vegetable protein were included and tested in the fully adjusted linear regression models. In addition, we applied a specifi c regression model ( table 1 ; model 3) to better illustrate the complex relation between dietary calcium, dietary protein and BUA. In this model, the mean values of all covariates were applied, and BUA values were predicted for different amounts of calcium, vegetable and animal protein intake.
All statistical analyses were performed using SAS software, version 8.02 (SAS Institute, Cary, N.C., USA).
Results
General characteristics of the study population are presented in A/V = Animal/vegetable protein. 1 All covariates (vitamin D, magnesium, potassium, calcium supplement use, age, educational level, hormone replacement therapy, smoking, alcohol consumption, BMI, physical activity and menopausal status) were set to their mean in the linear regression model. 
Discussion
In this cross-sectional analysis, we observed a strong positive association between calcium intake and BUA in German women. Though a weak inverse association was seen between total protein intake and BUA, separate analyses for animal protein and vegetable protein revealed that the relation between protein consumption and BUA is more complex. While intake of protein from vegetable sources was positively related to BUA, consumption of animal protein was inversely associated with this parameter. Strengthening these observations, the ratio of animal to vegetable protein was negatively correlated with BUA; that is, high BUA values were measured in women whose total protein intake predominantly consisted of protein from vegetable sources.
Before potential implications of these results will be discussed, it is important to note the limitations of our study. Due to the cross-sectional study design, the associations between diet and bone health cannot be investigated prospectively, limiting the validity of our observations. However, the applied food frequency questionnaire assessed the diet over the past 12 months, which is unlikely to be biased by the studied outcome (BUA). Though we controlled for known risk factors of osteoporosis, we cannot exclude residual confounding. In this context, it is also noteworthy that detailed information about the amounts of calcium consumed through supplements is missing. However, results did not change signifi cantly when mineral supplement users were excluded.
In our study, BUA derived from QUS measurements was used as marker of bone health. To our knowledge, this is the fi rst study on the relationship between dietary protein and BUA, since previous studies on the topic applied BMD or fracture risk as parameters for bone health. Several studies have shown that site-specifi c measurements of BUA and BMD at the os calcis are suffi ciently correlated (r = 0.68-0.86) [21, 31] . Theory suggests that BUA is infl uenced by bone density and bone microarchitecture [19] , and when combined with speed of sound may detect bone fragility equally well as BMD [19] . On the other hand, the two parameters, BUA and BMD, may refl ect different aspects of bone health. There is some evidence that QUS can give BMD-independent information on fracture risk [19, 31] . QUS measurements, however, still detect osteoporosis less reliably than BMD. Thus our results may not be readily comparable with other studies using BMD or fracture risk as the main outcome variable. Moreover, bone health is infl uenced by a variety of factors including age, smoking status, physical activity, BMI, and others. These factors may affect BUA and BMD in different ways, which may in part explain confl icting results [19, 32] . On the other hand, the population-based sample, the large number of participants and the data quality provided by the standardized procedures of the baseline examination [28] are among the strengths of our study.
Our results suggest that dietary vegetable protein may play a role in maintaining bone health. Vegetable food consumption was demonstrated to constitute an independent negative predictor for the worldwide incidence of hip fracture [11] . In addition, high consumption of fruit and vegetables was positively associated with BMD in both women [33] [34] [35] and men [36] . Altogether these results appear to support our fi ndings. On the other hand, it cannot be ruled out that other substances, such as alkaline-producing dietary components, and not the protein per se are responsible for the observed effects. Moreover, others have reported results that contradict our observations [15, 37] .
The negative effect of animal protein intake on bone health demonstrated in our study is in line with other studies reporting an increase in fracture risk with higher consumption of animal protein [10, 11, 38] . In contrast, high intake of animal protein was also related to a decreased risk of bone fractures [15] and increased BMD [37] . Thus the effects of dietary animal protein on bone health are still not unequivocal.
In contrast to our fi nding of an inverse association between the animal-to-vegetable protein ratio and BUA, two previous studies reported no such association [37, 39] . On the other hand, a high ratio was shown to increase the rate of bone loss and fracture risk in postmenopausal women [40] . Taken together, data on this issue remain inconclusive. In addition, an animal-to-vegetable protein ratio is diffi cult to interpret, as the varying amounts of intake may still give the same ratio. Finally, it may be the ratio between foods of animal versus vegetal origin rather than the protein ratio that is most relevant for maintaining bone health.
The interaction of dietary calcium and protein with regard to bone health has been described in several studies [14, 18, 41] . We identifi ed an effect modifi cation of protein, especially animal protein, by calcium. While the main effect of calcium on BUA was independent of the calcium-protein interaction, the opposite was observed for protein. According to our results, the detrimental effects of animal protein on BUA can be compensated for, at least in part, by a high calcium intake. Thus, the negative infl uence of animal protein on bone health may be pronounced in connection with low calcium intake. However, these interactions are very complex and far from suffi ciently understood.
In conclusion, our analysis supports previous epidemiological evidence for a prominent role of dietary calcium in bone health. Our fi ndings indicate that excessive protein intake from animal sources leading to an increased ratio of animal to vegetable protein compromises bone health, particularly if calcium intake is low. Nevertheless, the role of protein seems to be complex and may depend on other dietary components [42] . Further studies into mechanisms underlying the relationships between protein and bone health may improve our understanding of epidemiological data.
